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A study was made of a severe storm that occurred on 22 April 1971
southeast of Norman, Oklahoma. Tne life cycle of the storm from origin,
through mature stage, to eventual incorporation into a squall linens
'
analyzed. The cell displayed all of the characteristics of a severe
local storm, including a hook echo, echo-free vault, sloping overhang,
funnel and movement 20° to the right of the mean tropospheric
.wind.
"
Mesoscale circulations at low and middle levels during the severe stage
were revealed by aircraft measured winds. Aircraft meteorological para-
meter measurements showed the vertical structure and extent of the low-
level moist layer. Three-dimensional storm structure at the time a
funnel was sighted was inferred from WSR-57 radar antenna tilt sequences
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Case studies of severe local storms have been used from as early as
1953 to study structure, development and movement. Usually the storms
produced damaging tornadoes or hail, which attracted the attention of
investigators. It was a study of two storms (Wokingham and Geary), which
led Browning and Donaldson (1 963) to the conclusion that the severe local
storm was a distinct class of local storm. Browning (19610 later desig-
nated these SR (S for severe, R for right-moving) storms.
The study of radarscope photographs of this type of storm has been a
large factor in gaining an understanding of them. The hook echo, echo-
free vault, sloping overhang and motion to the right of the mean tropo-
spheric wind are examples of storm characteristics which were discovered
by intensive study of radar photographs of individual storms. Another
technique used recently by some investigators has been to plot winds, ob-
tained near a severe storm by an aircraft with a Doppler navigational
system, relative to the radar echo centroid of the storm. Studies using
this method by Fujita and Grandoso (1968) and Fankhauser (1971 ) have pro-
vided insight into storm-environmental air interaction at middle levels.
The data from ten flights by an instrumented aircraft during the
spring storm season in Oklahoma were made available as the result of
Project Rough Rider '71 . Since the mesoscale network of surface and
upper air stations was very limited in 1 971 , the available data were
aircraft winds from the Doppler navigational system, meteorological para-
meters and radarscope photographs. In addition to aircraft data, surface
weather radarscope film was available when a storm was within radar range.
One goal of the project was to further investigate any severe local storms
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utilizing mesoscale windfields derived from aircraft measured winds and
radar photographs from both aircraft and surface weather radars.
On two flights, funnels were sighted by the aircraft crew. On one
of these days, April 22nd, the data was fairly complete, consisting of
aircraft measured parameters and radar film for the legs the aircraft
flew in the vicinity of the storm and complete surface radar coverage
throughout the lifetime of the storm. The radar data seemed likely to
be interesting since it contained horizontal and vertical sections through
a severe storm during a period when a funnel was present. The fact that
the airborne and surface radars were in favorable positions for observing
this phenomenon made the data somewhat unique . The first objective of
the research reported here was to see if the mesoscale windfields from
aircraft measured winds fit existing models, and the second was to see if






Analyzed charts by the U.S. Weather Bureau were available for the
surface at 0600, 1200 and 1 800 CST and for 8£0-, 700- , £00- and 200 mb at
0600 and 1 800 CST for 22 April 1 971 . Two soundings taken at Tinker Air
Force Base, ten miles north of the National Severe Storms Laboratory,
Norman, Oklahoma, provided upper air information at 0600 and 1 800 CST.
B. SURFACE AND UPPER LEVELS
A surface low near the western end of the Oklahoma Panhandle at 0600
CST (Figure 1 ) moved eastward during the day and by 1 800 CST was situa-
ted southwest of Oklahoma City (Figure 2 )• A north-south orientated,
occluded front moved ahead of the low and in the early afternoon thunder-
storms developed east of the occluded front and north of the accompanying
warm front.
At upper levels the flow was typical of a central plains thunderstorm
environment
:
1 . 85>Omb - Warm, moist air was being advected northward into Texas
and Oklahoma throughout the period (Figures 3 and ]± ).
2. 700mb - Cool, relatively dry flow from the southwest increased
in intensity during the period (Figures £ and 6 ).
3. ^OOrnb _ a dynamic low moved eastward during the day (Figures 7
and 8 ). The jet maximum was in optimum position for development at
1800 CST.
k> 200mb - The dynamic low extended to this level (Figures 9 and
10 ). The jet split during the day with the northerly branch situated
12





Figure 2. Surface analysis for 1 800 CST, 22 April 1971
111

Figure 3- 8£0mb analysis for 0600 CST, 22 April 1971 •
Contours are indicated by solid lines and
isotherms by dashed lines.
Figure h- 8^0mb analysis for 1 800 CST, 22 April 1971
Contours are indicated by solid lines and
isotherms by dashed lines.
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Figure $. 700mb analysis for 0600 CST, 22 April 1971
Contours are indicated by solid lines and
isotherms by dashed lines.
Figure 6. 700mb analysis for 1800 CST, 22 April 1971
Contours are indicated by sblid lines and
isotherms by dashed lines.
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Figure 7- 500mb analysis for 0600 CST, 22 April 1971
Contours are indicated by solid lines and
isotherms by dashed lines.
Figure 8. ^OOrnb analysis for 1 800 CST, 22 April 1971
Contours are indicated by solid lines and
isotherms by dashed lines.
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Figure 9. 200mb analysis for 0600 CST, 22 April 1971.
Contours are indicated by solid lines and
isotherms by dashed lines
.
Figure 10. 200mb analysis for 1 800 CST, 22 April 1971.
Contours are indicated by solid lines and




over Oklahoma City at 1800. The -60 C isotherm moved northward to a
position just southeast of the squall line area at 1800 CST.
C. UPPER AIR SOUNDINGS
The 0600 CST Tinker sounding is plotted in skew T-log P coordinates
in Figure 11. It had a Showalter Index of +3 , due mainly to a low
moisture value at 85Gmb. The lapse rate at midlevels was fairly large
and vertical wind shear was strong from 650- to 200mb. The tropopause
was at 200mb and the level of maximum winds was slightly higher.
The 1800 CST Tinker sounding is plotted in Figure 12. Between
850-700mb the lapse rate was very large . Low-level moisture had increased
during the day as reflected by a Showalter Index of -1 . Again the rela-
tively low moisture value at 8£0mb kept the index low. The tropopause
was still at 200mb, but the level of maximum winds was now just below
300mbj a strong jet (136 knots) was present here. Accordingly, the ver-
tical shear between 850- and 300mb was very strong.
Since the 1 800 sounding was taken 30 nautical miles northwest of the
developing squall line, its indication of the lack of low-level moisture
is not believed to be representative of the inflow layer south of the
squall line. If the 850mb mixing ratio values recorded southeast of the
squall line by the instrumented aircraft, are coupled with the 1 800
sounding, a Showalter Index between -5 and -6 is obtained.
D. MEAN TR0P0SPHERIC WIND
Fankhauser (1961;) computed mean winds using a vector average of 850-,
700-, 500- and 300mb winds. For the 1 800 sounding this method yielded a

















































Figure 1 1 . Tinker AFB sounding to 1 OOmb at 0600 CST, 22 April 1 971
Temperatures are indicated in degrees Centigrade,
pressure in millibars. Sloping dotted lines indicate




































Figure 12. Sounding from Tinker AFB at 1800 CST, 22 April 1971
•
The squall line was 30 miles southeast of TIK at this
time. Temperatures are indicated in degrees Centigrade,
pressure in millibars. Sloping dotted lines indicate
U and 1 h gm/kgm mixing ratio coordinates.
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E. SUMMARY OF THE SYNOPTIC SITUATION
The severe storm synoptic environment has been discussed by Van
Thullenar (Browning and Fujita, 1965). The conditions favorable for the
development of severe local storms include (1 ) a surface low upwind,
(2) warm advection at 8£0mb, (3) a warm ridge upwind at 700mb, (ij.) a
3>00mb trough upwind, (£) a high-level jet west or northwest, (6) an
unstable atmosphere and (7) the -60 C isotherm within the general area
of development. All of the above conditions except (3) were shown to
have been present - (1 ), (2), (1;) and (7) from synoptic analyses and (5)
and (6) from the 1800 CST Tinker sounding. Since no storm damage was
reported for the 22nd in this area it seems evident that some factors
favoring tornado or large hail development were weak or missing.
22

HI. SURFACE WEATHER RADAR ANALYSIS
A. DATA SOURCE
Complete weather radar photographic coverage of the storm from its
first appearance on the radarscope until it merged with a developing
squall line was made available by the National Severe Storms Laboratory,
Norman, Oklahoma. The PPI photographs were taken at the rate of 170
frames per hour. The antenna tilt was kept at 0° except for vertical
sequences every ten minutes to show upper-level cell structure and cloud
tops. The WSR-57 radar had iso-contouring circuitry so that intensity
of cloud reflectivity could be readily discerned. The return was also
range normalized.
B. STORM MOVEMENT
Storm movement was plotted by measuring the position of the radar
echo centroid relative to the NSSL WSR-57 radar. A position was plotted
every ten minutes and resulted in a fairly uniform plot of echo movement
as seen in Figure 1 3
•
From the time it first appeared on NSSL's WSR-57 radar, at 11*25, un-
til 1^30 the developing cell traveled OI4.6 true at an average speed of
25 knots. This was very close to the direction of the mean tropospheric
wind from the Tinker sounding taken at 1 800 CST. At 1 530 the storm
veered right 20 to 066 true averaging 25 knots for the next hour and
forty minutes. Between 1710 and 1720 the storm turned back to 050 and
from 1720 to 1800 averaged 31 knots. After 1 800 the storm lost its







































Figure 13. Storm track determined by plotting the range and bearing
of the radar echo centroid from NSSL at ten minute inter-
vals. The average direction and speed for each of the
three legs were Ol|6/25, 066/25 and 0^0/31 . The mean tro-
pospheric wind at 1 800 CST was from 230 at 60 knots.
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If the storm being studied and the cell to the north of it at 11+30
are followed sequentially in Figure 1l+, it can be seen that the latter
moved northeast at a greater rate. This resulted in the storm merging
with the squall line upwind of the cell that was north of it at 1 14-30.
C. STORM DEVELOPMENT
The echo of interest was the southernmost cell at the time it was
detected in a north-south line of cells that developed just west of
Norman , Oklahoma. Figure 11; shows storm development at ten minute in-
tervals. The first echo appeared at 11+25 and five minutes later was
eighteen nautical miles long with three cells. Ten minutes after that
it had rapidly expanded and was unicellular. The iso-contour feature of
the WSR-57 radar showed that echo intensity increased from two contours
at 1 1+30 to four at 11+37 and gained a fifth at 1 1+1+5 • The long axis of the
growing cell can be seen in Figure 1 1+ to have shifted to a more east-
west orientation from 1 l4.l4.O-l U^O and again from 1 1+50-1 500 GST. The storm
then lengthened between 1 500-1 51 and rapidly increased in width between
1520-1530. The first finger-like protrusion on the right rear flank
appeared at 1£08. Hamilton (1969) has previously stated that rapidly
developing storms are likely to have severe weather. By 15^0 the storm
was thirty-two nautical miles long; subsequent growth was small.
At 1530 a definite cyclonic curl can be seen near the upshear end
of the cloud (Figure IJ4) and nine minutes later (at 1539) a hook echo
had formed on the right rear flank of the storm. Several of the cells
to the north also had pendant echoes extending from their right rear
flanks
.
At 1600 CST a new cell appeared twenty nautical miles west of the
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of the line of cells to the north. Newton and Fankhauser (I96I4.) have
indicated that this is a preferred position for new cell development.
In the next few sequences it can be seen that the new cell grew rapidly.
By 1620 CST the hook echo was very pronounced and the shape of the
echo closely resembled that of an April 22, 1958 hook echo (Fujita, 1965)
The well-developed hook persisted for approximately twenty-five minutes.
North of the hook was the area of greatest echo intensity, a character-
istic already noted by Fujita (1965) and Kessler (1970).
At 1637 CST the aircraft reported a funnel four to five nautical
miles north. Figure 1 5 shows the aircraft position relative to the
storm at that time . By 1 61j.l| the hook echo was gone
.
The echo was definitely bicellular at 1 71 and had increased in size
compared with the 1 700 echo. Figure 17 shows the storm had reached its
maximum horizontal extent at 1710 then rapidly decreased on its downwind
left flank between 1 71 and 1 720; during this period the storm turned to
050, the direction of the mean tropospheric wind. Fankhauser (1971 ) has
pointed out that during a storm's motion to the right of the mean tropo-
spheric wind its precipitation rate increases until just prior to the
turnback to the left. He showed a rapid decrease in radar echo area
accompanied the turn to the left. By 1750 the storm clearly had become
multicellular and within thirty minutes it merged with the developing
squall line to the north.
D. VERTICAL CLOUD STRUCTURE NEAR THE TIME OF FUNNEL SIGHTING
The vertical extent of the storm just prior to funnel sighting by
the RFF crew is shown in Figure 16(A) . The WSR-57 antenna was elevated
successively through 0, 1, 2, h, 6, 8 and 10 degrees of elevation begin-




































































































WSR-57 antenna tilt sequences of a severe storm near the
time a funnel was sighted.
(A) Sequence from 1630.3 to 1 632 -U CST, 5 minutes prior
to the time of funnel sighting. Cloud tops extended to
£0,500 feet. Note apparent vortex at 2° with correspond-
ing curvatures at 1 and It .
(B) Sequence from l6l4O.i1 to 161|2.2 CST, 3 minutes after





elevation but not at higher elevations. It has been noted by Fujita (1965)
that the hook may disappear when antenna elevation angle is increased,
implying a tilting of the axis of circulation. Hamilton (1 969) reported
that the hook may be found at high (25,000 feet) or low levels.
At 2 tilt the highly reflective portion of the echo is seen to have
formed what appears to be a cyclonic vortex. The most intense return at
k tilt also had a corresponding curvature. South of the apparent vortex
at 2 tilt were two spots, which were interpreted to have a lesser re-
flectivity than surrounding areas. A spot was also present at 1° tilt
in the center of the hook region immediately under the westernmost spot
at 2° tilt.
The cellular nature of the upper portion of the cloud was evident
at 6 and 8 of tilt as seen in Figure 16(A). The highest radar echo was
directly above the notch observed at lower elevation, a characteristic
noted by Browning and Donaldson (1 963) . The last echo from the storm
was at 10 tilt, which corresponded to a height of £0,500 feet or ^0^
10,000 feet above the tropopause level. Donaldson (1965) has pointed
out that storms whose tops exceed the tropopause by 10,000 feet will be
severe with a tornado likely. It was shortly after this sequence that
the funnel was sighted.
Three minutes after the aircraft sighted the funnel at 1 637 CST
another antenna tilt sequence commenced at 161*0.1;. In Figure 16(B) a
well-defined hook can be seen at but no longer at 1° tilt. The se-
quence further reveals that the apparent vortex viewed at 2° tilt was
gone and the area of intense reflectivity at 2°, U°, and 6° tilt decreased.
By comparing upper cloud levels in Figures 1 6(A) and 1 6(B) it can easily
be seen that the cloud just before funnel sighting was more symmetric
30

and extended to higher levels. Here 8 tilt corresponded to approximate-
ly 1|1,500 feet. It may be recalled that the hook echo present at
tilt was gone by *\6Uh CST.
_
E. SUMMARY OF THE SURFACE RADAR ANALYSIS
The analysis of the WSR-57 radarscope photographs has revealed that
this storm (1 ) moved to the right of the mean tropospheric wind, (2) dis-
played a hook echo at low-levels on the PPI, (3 ) had an echo top that
extended more than 10,000 feet above the tropopause, (10 had high radar
reflectivity (five iso-contours) throughout most of its life and (6)
appeared to have a region of cyclonic rotation near the center of its
upshear end. The above list included nearly all of the radar character-
istics of a severe local storm or SR storm, missing only the persistent
echo-free vault. Hamilton (1969) has reported that very few vaults have
been observed with the WSR-^7 radar, due possibly to its 2 beam width.
The presence of the above characteristics coupled with the sighting of a





17. ANALYSIS OF AIRCRAFT MEASURED MESOSCALE WINDS
A. DATA SOURCE
Aircraft data in the form of meteorological parameters and naviga-
tional information recorded on magnetic tape at one second intervals,
navigational logs and flight summaries were made available by the NOAA
Research Flight Facility (RFF), Miami, Florida. The aircraft was an in-
strumented DC-6B operating under the control of NSSL personnel who fol-
lowed the storm on surface weather radar as the aircraft gathered data.
B. NAVIGATION i
The EMB-1 program (Friedman et al., 1 Q69) was used to reconstruct
the aircraft track. The portion of the track in the vicinity of the
storm, beginning at 1^06 and ending at 1 7l±6 CST, was broken into seven
legs. Each leg began with a fix to prevent track errors from accumula-
ting. Five of the fixes came from the flight navigational log and were
all TACAN. The need for additional fix information to break up legs with
excessive end-of-leg errors was partially met by generating radar fixes
from aircraft IFF and skin "paints" on the WSR-57 radarscope film. Two
such fixes (at 1626 and 161|0) came from radar film. Several radar/TACAN
fix comparisons were made to see if they were compatible; they agreed to
within a mile. The objective was to correct navigation to within one
nautical mile, which is the maximum error Fujita (1°63) quotes as allow-
able for mesoscale wind analyses. Table I lists the errors for the
legs. The largest end-of-leg error was two nautical miles with most legs
having errors of less than one nautical mile. Further WSR-57 radar fixes
of aircraft position were not obtainable during the two legs with greater
32

than one nautical mile errors because the aircraft was over the radar
horizon for most of each leg.
Table I- The accumulated error at the end of each leg after track









TIME (CST) ERROR (NM) TYPE FIX
1506-1 558 :i|0 0.8 TACAN
1558:1;0-1619 0.58 TACAN
1619-1626 0.6U Radar
1 626-1 61|0 1 .81 Radar
1 6U0-1 709 2.07 TACAN
1 709-1 71 9 0.68 TACAN
1 71 9-1 7kk 1 .0 Radar
In addition to the navigational accuracy problem, a further correc-
tion had to be made to the distance traveled count (DTC) as recorded on
the CONVT tape (Friedman et al., 1 969) . The DTC counter had malfunctioned
causing the count to advance only as far as 320 then jump back to 300
throughout the flight. This error had to be corrected before the track
could be reconstructed by the EMB-1 program, since the program uses DTC
as the basis of the reconstruction.
C. MESOSCALE CIRCULATION AT TWO LEVELS
To show the mesoscale circulation near the storm, a plot was made of
the aircraft position relative to the radar echo centroid at one minute
intervals. The wind direction and speed from the EMB-1 program were
33

plotted at each position in the form of a wind barb. This method was
similar to that used by Fankhauser (1971 )• Winds were averaged over a
60 second interval, and the storm was assumed to be steady-state for the
i
averaging interval.
Flow in the vicinity of the storm at the 75>Omb level is depicted in
Figure 17- The following results were noted:
1
.
There appears to have been a slightly diverging flow around the
upwind end of the storm.
2. The winds at this level seem to fit the Browning (196lj.) model,
which has middle-level air entering a severe storm on its right flank
ahead of the updraft region. The Fankhauser (1971 ) model also has middle-
level air entering a severe storm in this region, but at a level higher
than 7!?0mb.
3. The storm track was definitely to the right of these winds.
After completion of the 75>Omb legs the aircraft descended to cloud
base level (1500-2000 feet) and flew several legs back and forth along
the southern flank of the storm. Figure 18 shows aircraft positions
plotted relative to the radar echo centroid at one minute intervals with
aircraft measured winds at each position shown by the wind barbs. Inflow
of warm (18-20 C), moist (mixing ratio of 13-1i| gm/kgm) air was present
all along the southern flank. It has been pointed out by Browning (1 96I4.
)
and Fankhauser (1971) that the right forward flank is the preferred region
for updraft entry into the severe type of storm that moves to the right
of the mean tropospheric wind.
On two occasions, when the aircraft descended from 750- to 900mb and
when it departed the vicinity of the storm, the vertical wind structure







Figure 17- Aircraft flight track relative to radar echo centroid (+)
with aircraft measured winds shown plotted at one minute
intervals along the track. From 1 520 to 1620 CST the air-
craft altitude was predominantly at the 750mb level. The
radar echo shapes are from 1 550 CST.
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Figure 18. Aircraft flight track relative to radar echo centroid (+)
from 1627 to 1703 CST with aircraft measured winds shown
plotted at one minute intervals along the track. Aircraft
pressure measurements varied from 889- to 921 mb during




Figure 19. Aircraft flight track relative to radar echo centroid (+)
with aircraft measured winds shown plotted at one minute
intervals along the track. The aircraft descended from
the'7$0mb level at 1 61 8 to the 890mb level at 1626 CST.
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descended from 750- to 890mb. Table II gives pressure, temperature,
wind and moisture values at one minute intervals during descent. Figure
20 shows how the wind veered as the aircraft ascended when it departed
the area of the storm after the last low-level leg. Table III lists
important meteorological parameters measured by the aircraft during this
increase in altitude. The study of these profiles led to the following
conclusions:
1 . The change in wind direction between the surface and upper levels
occurred below 75>Omb. Above 75>Omb little change in direction occurred
but the vertical shear was very large.
2. The moist layer extended to the 85>0- to 800mb level. A fairly
sharp drop in the moisture value at 800mb is shown in Table III.
D. SUMMARY OF AIRCRAFT DATA
The two mesoscale windfields substantiate existing models as to the
location of low-level inflow of warm, moist air and middle-level inflow
of cooler, drier air. Aircraft wind measurements during the two signi-
ficant altitude changes showed veering with height to the 75>Omb level.
Above this level the wind speed increased markedly with height but the
direction remained fairly constant. Mixing ratio and relative humidity
values recorded at the same time showed the vertical extent of the low-
level moist layer was between 850- and 800mb.
38

Table II. Important parameters measured by the RFF aircraft during















1618 755 6610 7-1* 6.7 77 231/25
1619 772 6111; 9.0 8.1 85 232/26
1620 802 5196 11 .7 8.1 7lf 223/22
1621 827 1*262 13.5 ~ 9.5 79 223/22
1622 8U2 361*8 . 111. 6 10.7 8U 207/25
1623 861; 3171 15-7 12.2 91 196/27
1621; 875 2928 16.8 11.7 83 1 98/33
1625 880 2655 16.1; 13.0 9^ 185/38
1626 890 2128 16.9 13.7 99 165/38
1627 889 2111 16.6 13.7 100 11*6/31
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Figure 20. Aircraft flight track relative to radar echo centroid (+)
with aircraft measured winds shown plotted at one minute
intervals along the track. The veering of the wind with
height is shown as the aircraft gained altitude between
1 70S and 1720 CST when departing the storm. The echo
shape is that of the storm at 1 71 CST.
U0

Table HI. Important parameters measured by the RFF aircraft during















170U 921 . 1276 17.9 13.8 96 1 22/1 9
170^ 909 1673 17.3 13.9 99 137/19
1706 895 2053 17.0 13. h 96 1 62/26
1707 866 2935 15.2 12.9 100 1 83/29
1708 8U7 351 k 1U.8 11 .0 86 1 90/31
1709 825 U227 12.6 10.5 92 1 87/32
1710 805 U919 11.2 10.9 103 1 91 /31
1711 789 5U91 10.2 7.9 78 203/28
1712 770 6168 9-2 6.8 70 227/28
1713 751 6933 7.6 6.0 68 230/214
171U 735 7505 5.8 6.1 76 220/2h
171* 722 8118 U.2 6.5 89 227/22
1716 709 8625 U.O U.6 62 222/30
1717 686 9608 1.6 U.8 76 223/26
1718 667 10020 -0.5 U.o 72 235/25
1719 658 103U9 -1.9 3.7 72 238/32
1720 63U 11293 -I4.0 3-3 72 239/39
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V. AIRCRAFT RADAR DATA ANALYSIS
A. DATA SOURCE
WP-101 and RDR-1 radarscope film was made available by the NOAA Re-
search Flight Facility (RFF), Miami, Florida. Each exposure of the 35>mm
film rolls had an annotation consisting of time, radar type, range scale-
and photo number. The overall picture quality was excellent.
B. WP-101 RADAR DATA
The WP-101 is a forward looking, 5cm radar with a PPI presentation
capable of displaying echoes within 120° to the right or left of aircraft
heading. Radarscope photographs in Figure 21 show how the hook echo
appeared on 5cm radar at 1558* 1611;, 1623 and 1 637 CST, the latter being
at the time of the funnel sighting. The respective aircraft levels were
753-., 752-, 863- and 90l;mb. The hook echo and echo-free vault can be
seen to be very well-formed at 1 637 • The hook at 1637 was fairly wide
and was associated with a funnel, which tends to support Hamilton's (1 969
)
statement that a large diffuse hook may be associated with a funnel aloft.
C. RDR-1 RADAR DATA
The RDR-1 , a 3cm radar with a 360 scope presentation, has its antenna
mounted perpendicular to the longitudinal axis of the aircraft to give a
RHI profile of clouds on both sides of the aircraft (Reber and Friedman,
1 96U ) . The radar has an iso-echo feature which shows regions of high re-
flectivity by blanking out the return from that portion of the cloud.
The areas of intense reflectivity can be discerned from noncloudy areas
because the former are completely surrounded by weaker echo. The optimum





correspondence). This wavelength of radar is back-scattered by almost
all cloudy matter. An advantage of the scope presentation of this radar
is that it doesn't distort the image by horizontal compression; a feature
common to most RHI profiles. There may, however, be echo attenuation on
the side of the storm away from the aircraft due to the short wavelength
of this radar.
Radarscope photographs from two legs flown at cloud base level, par-
allel to the long axis of the storm, were studied. The photographic
sequences show vertical profiles of the storm, nearly perpendicular to
its longitudinal axis, approximately every nautical mile.
The first leg beginning at 1626 CST, was flown on a heading that
varied from 080-09U true and at ground speeds from 1 £8-201 knots. Basi-
cally the aircraft flew east along the southern flank of the storm.
Figure 22 shows the vertical profiles numbered in sequential order. The
following features were present:
1
.
As the aircraft passed the upshear end of the storm, the radar-
scope camera recorded an intensely reflective return (the hook) and,
north of that, the echo-free vault.
2. The next six profiles show the vault extending up through the
cloud, a region of overhang south of the vault and a large, intensely
reflective streamer extending from high levels on the southern flank of
the storm.
3. In profiles 3-8, an intensely reflective portion of the storm
north of the vault at low and middle levels can be seen.
I4. In profiles 9 and 10, a sloping overhang formed the southern
flank of the storm at low to middle levels. The vertical extent of the
storm as determined by radar return was close to 60,000 feet (Reber and




Figure 22. RHI profiles perpendicular to the long axis of the storm
from airborne HDR-1 3cm radar. The sequence began at 1626
and ended at 1630 CST. Profiles are numbered consecutive-
ly. The aircraft position is the center of the concentric
range circles which are spaced every 3>NM.
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5- The remaining profiles show the forward portion of the storm.
The second leg was the opposite of the first in that the aircraft
flew west along the southern flank of the storm. The sequence began at
163U'6 and ended at 1638.7. It was during this period that the funnel
was sighted by the crew. A heading of 260 true was maintained and the
ground speed varied from 20U-212 knots. A careful examination of the
sequence of RHI profiles in Figure 23 revealed the following details:
1. Overall, the storm profiles (Figure 23) are considerably different
from those of the previous leg (Figure 22).
2. Profiles 1 and 2 show the forward portion of the storm decreased
in vertical extent compared to the earlier leg.
3. Profiles 2-10 show an intensely reflective area (dark portion in
the center of the profile due to the iso-echo feature) at middle levels
extended from near the southern flank of the storm back to the center of
the cell in the rear of the storm.
k' In profiles 5-10 the sloping overhang is seen to have been lower
and more pronounced than earlier.
5>. Profiles 8-1 U show vertical cross-sections through the hook echo
region. If one views these profiles in reverse order, the hook observed
in 1 k appears at successively lower levels proceeding forward to 9»
6. Starting with profile 9, an echo-free area appears between the
hook and the overhang above it. The echo-free region can be followed
section by section back through the storm. This region has been named
the vault by Browning (1°6U) and is adjacent to the core of the updraft,
where vertical velocities exceed the fall speed of precipitation parti-
cles. Profile 11 shows the vault occupied the center of the cloud profile
and was surrounded by intensely reflective echo. Browning and Ludlam
U6

Figure 23 • RHI profiles perpendicular to the long axis of the storm
from airborne RDR-1 3cm radar. The sequence began at I63I4
and ended at 1639 CST. Profiles are numbered consecutive-
ly. The aircraft position is the center of the concentric
range circles which are spaced every 5>NM.
hi

(1962) described the vault as tilting toward the rear and left side of
the storm with height, which can be seen in profiles 9-12.
7. Profiles 12 and 13 show there was an echo-free region between
the upper and lower portion of the storm. The following profile (11;)
reveals a horizontally-oriented vortex that was located just upshear of
the echo-free region. Figure 21; is an enlarged view of 11;. Beneath this
vortex was an intensely reflective region, which extended south of the
storm forming the upshear edge of the hook echo.
8. The cloud bases and tops extend to higher levels proceeding up-
wind (profiles 12-16). The cloud tops appear to have reached the 60,000
foot level in the upshear end of the storm.
9- A possible region of entry of the funnel into the storm is shown
by profiles 10, 11 and 12 in the center of the hook. This position cor-
responds well with the reported position of the funnel, four to five nau-
tical miles north of the aircraft. Profile 12 further shows an echo-free
"finger" angled toward the vault. Assuming that Bates' "flanking line"
corresponds to the hook echo region, profile 12 is similar to his depic-
tion of funnel entry into the updraft if only one funnel were present
(Severe Storms Research Group of Saint Louis University, 1970).
D. SUMMARY OF AIRCRAFT RADAR ANALYSIS
Two sequences of RHI profiles of the storm have been examined, one
ten minutes prior to funnel sighting and one at the time of funnel sight-
ing. The cloud was located at the optimum range for the RDR-1 radar and
the profiles are relatively free from the distortion normal in RHI dis-
plays due to the compression of the horizontal axis. The vertical cross-
sections revealed, in some detail, most of the characteristics found by
radar analysis of a severe local storm: the hook echo, sloping overhang
I48

Figure 21;. Enlarged view of profile 11; from Figure 23. Significant
features are the horizontally-oriented vortex, the in-
tensely reflective region below the vortex, the hook echo
extending south from the cloud base and the cloud top ex-
tending beyond 60,000 feet.

and echo-free vault angling upshear and to the left with height. In
addition, a horizontally-oriented vortex at high levels near the rear of
the storm was noted. An explanation for the existence of this feature
might be that it is a branch of the updraft that sustains the upshear
portion of the anvil in the presence of eroding flow. The echo-free area
just downwind of the vortex may indicate a region where the precipitation
particles did not have time to grow to back-scattering size. This branch
of circulation has been postulated in internal circulation models by
Fujita (19650, Newton (1966) and Fankhauser (1 971 ) • Obviously, radars
with displays that distort the vertical profile would tend to mask fea-
tures such as the vortex discussed above.
The vertical extents of the highest echoes in the two sequences
studied were in excess of 60,000 feet. This was considerably higher than
the cloud tops shown by the WSR-3>7 vertical sequences. It would be ex-
pected that 3cm radar would show return to higher levels than 1 Ocm radar
because of the relative sizes of the back-scattering particles, but it
has also been pointed out by experienced RDR-1 analysts (P. Black, NRHL,
personal correspondence) that where intense echo intervenes, cloud tops
are likely to be unreliable. It seems probable, then, that the actual




The mesoscale circulations inferred from analysis of aircraft mea-
sured winds fit existing models. The low-level inflow occurred along
the right flank, a feature of both the Browning (1961;) and Fankhauser
(1971) models. The winds at 750mb displayed the characteristics of mid-
dle-level flow as is shown by the Browning and Fankhauser models, however,
73>Omb is a somewhat lower level than that indicated by Fankhauser (1971)
for the entry of cool, dry middle-level air. Browning (196U) is less
specific as to the level of middle-air inflow but it is also apparently
higher than 75>Omb. The two vertical wind profiles did show that the
veering between the surface and upper levels had taken place below the
75>Omb level. This would tend to place the 75>Omb level for this case in
the lower part of the mid-level regime
.
The interpretation of data from the three different radars (WSR-57,
WP-101 and RDR-1 ) before, during and after the time of funnel sighting
proved to be the most interesting part of this study. Unfortunately the
RDR-1 profiles did not occur at the same times as the WSR-5>7 antenna
tilt sequences.
The intense circulation that produced the funnel apparently lasted
less than ten minutes (1 630-1 639 CST). The first WSR-57 sequence, it
may be recalled, showed what appeared to be a vortex at 2° tilt, indica-
ting substantial rotation at that time . The sighting of the funnel at
1637 would indicate substantial rotation extended through that time. The
second WSR-57 vertical sequence revealed the vortex was no longer present




The RDR-1 RHI profiles of the upshear portion of the storm at the
time of funnel sighting were the most difficult to interpret. The general
impression was that the development of the funnel altered the shape of
the storm considerably. This conclusion was not evident from the WSR-£7
scope photographs but resulted from the comparison of the two RDR-1 se-
quences. Many interesting features were revealed by the RDR-1 sequences,
including a hook echo, sloping overhang, echo-free vault, intensely re-
flective area around the vault and a high-level, horizontally-oriented
vortex upshear of the vault.
A correlation of features between several radars was possible in some
cases . The first involved the intensely reflective region which made up
the core of the overhang in the second RDR-1 sequence. This corresponded
well with the WSR-57 vertical sequence for the slightly earlier time,
which showed the area of intense return extending along the right flank
of the storm.
A comparison of the hook echoes from all three radars at the time of
funnel sighting was also possible. All showed the hook was very well
developed. The WP-1 01 hook echo shape was very similar to the WSR-5>7's
with both revealing a narrow band of less intense return extending from
the upshear edge to the center.
A third correlation, between the first WSR-5>7 vertical sequence and
the second RDR-1 sequence was made. What was interpreted to be a circle
of lesser intensity in the center of the hook region may be seen in the
o o
1 and 2 tilt sections of the WSR-57 vertical sequence. This corresponded
in position to the possible region of entry of the funnel into the storm
mentioned in the discussion of the second sequence of RDR-1 profiles.
The RDR-1 RHI profiles at the time of the funnel sighting are believed
to be a unique sequence of photographs and are worthy of further study.
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The fourth correlation concerns the vertical extent of the storm
during the period the funnel is believed to have been present. If a com-
parison is made between the first and second WSR-5>7 vertical sequences
and the first and second sequences of HDR-1 profiles, one can observe
that the average cloud height decreased during the period between the
respective sequences.
An overall view shows that most of the characteristics of this storm
correlate well with the Browning (1 96U ) model and the more detailed
Fankhauser (1971 ) model. The- region of possible funnel entry into the
storm agreed with Bates' (The Severe Storms Research Group of Saint Louis
University, 1970) depiction of funnel entry into the updraft, if his
"flanking line" corresponds to the hook echo region of a severe storm.
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VII. SUMMARY AND RECOMMENDATIONS
A. NAVIGATION
To achieve navigational accuracy approaching that deemed necessary by
Fujita (1963) the flight track was broken into separate legs, each begin-
ning with a fix. Although several TACAN stations including Oklahoma City
and Ardmore were close, only five fixes were taken during the period that
the aircraft was in the vicinity of the storm being investigated.
A fix (visual, TACAN) beginning and ending each straight and level
leg would ensure better accuracy. Fixes should also be taken at times
of significant events such as funnel or tornado sightings. In this study
it was possible to generate additional fixes from WSR-5>7 radar IFF and
skin "paints" on several long legs with excessive navigational errors.
On the two legs where the aircraft was over the radar horizon of the NSSL
radar, the end-of-leg errors were 1 .8 and 2 nautical miles. No radar
fixes were possible to further reduce these errors.
It is realized that the RFF aircraft navigational system was primarily
intended for overwater use, but until the aircraft can be outfitted with
either the relatively expensive inertial or inertial-Doppler navigational
system, an interim solution to the navigational problem in areas where
electronic fixes are continuously available may be feasible. If it were
possible to digitize the TACAN readout and put it onto the data tape this
would lend itself to data processing by computer. Better yet would be to
have several TACANs, each tuned to a different station. There is room
for such additional data on the existing one second data record used by
the Research Flight Facility. The required information would be the TACAN
Sh

channel number and the range and bearing of the aircraft from that station.
The range and bearing recorded at one second intervals would provide a
"running fix" and, if the same was done for a second station, this would
provide a backup.
B. FLIGHT SUMMARY
A more detailed flight log would be of great assistance to the inves-
tigator. In this case a more exact location of the funnel relative to
the cloud would have been desirable. A detailed flight summary is espe-
cially helpful to the investigator when screening data.
C. LIBRARY OF TRACKS AND TIME -SPACE SERIES
Fujita (1970) has indicated the value of time-space series of cloud
echoes in studying severe storms. If a library of these sequences could
be accumulated by the National Severe Storms Laboratory or other agency
then future statistical studies on storm tracks and development would be
possible. In certain geographical regions there may be favored storm




APPENDIX A. SUPPLEMENTARY DATA AND INFORMATION
The tables included in Appendix A contain important information used
in this study. Table IV lists the positions of the storm relative to
NSSL at five minute intervals from lltfO to 1 800 CST. Navigational data
and meteorological parameters from the EMB-1 program as well as aircraft
position information derived from the navigational data are shown in
Table V. The results of Chapter IV were based on this data and infor-
mation derived from it.
The following heading code is used for Table IV.
TCST - Central Standard Time
RPREC - Relative position of radar echo centroid from the National
Severe Storms Laboratory's WSR-57 radar in NM.
The following heading code is used for Table V.
TCST - Central Standard Time
LAT - Latitude of aircraft from EMB-1 program.
LONG - Longitude of aircraft from EMB-1 program.
RNSSL - Aircraft position relative to the National Severe Storms
Laboratory's WSR-57 radar in nautical miles. Computed
from latitude -longitude
.
RCEN - Aircraft position relative to the radar echo centroid in
nautical miles.
WIND - Aircraft ambient wind from EMB-1 program (in knots).
RA - Height above terrain in feet.
P - Ambient pressure in millibars.
T - Ambient temperature in C from vortex thermometer.
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M/R - Mixing ratio in gm/kgm from infrared hygrometer.
EH - Relative humidity
* - Time of fix.
Si

Table IV. Location of the radar echo centroid of the storm relative to
NSSL at five minute intervals.
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